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ALTITUDES AND RAM-PRESSURE RATIOS

By Eugene Perchonok, William H. Sterbentz
and Fred A. Wilcox

SUMMARY

The results of an investigation conducted in the Cleveland altl-
tude wind tunmel to determine the periformance of & 20-~inch ram Jet
are presented and discussed. The investigation was conducted at alti-
tudes ranging from 7000 to 41,500 feet and at ram-pressure ratios
equivalent to free-stream Mach numbers as great as 1.84 using pre-
heated 62-octane fuel. Supplementary tests to determine any changs
in performahce caused. by changing the fuel to nreheated 100-octane
were also made. An exbension of the methods of data reduction and of
the generalizing performance varameters applicable at supersonic Mach
nvmbers and over s wide range of operating conditions is presented.
The magnitudes of the total-pressure losses across the various phases
of the ram~-Jet cycle are analyzed and discussed.

At an equivalent free-stream Mach nmmbsr of 1.84 and a gas total-
temperature ratio across the engine of 5.7, the equivalent sea-level
net thrust was 8135 pounds. For these conditions, the over-all effi-
ciency was 12.6 percent and the combustion efficiency was 70.3 percent.
The corresponding net-~thrust coefficient was 0.74. The investigatlion
also showed that no change in the performance or operating range of
the engine occurred when the fuel was changed from preheated 62-octane
to preheated 100-octane gasoline,

INTRODUCTION

Experiments have been conducted at the NACA Cleveland laboratory
to determine the feasibility of operating a ram jet at high altitudes
and at rem-pressurc ratios equivalsnt to supersonic flight spesds.
PerTormance studics of a ram Jet at equivalent free-stream Mach numbers
to 1.26 and at altitndes to 30,000 feet were mede at this laboratory
and are reported in refersices 1 and 2. Other ram- Jet studies (ref-
erences 3 to 6) present subsonic ram-jet performance.
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In the present investigatien made to extend the performance data,
dry refrigerated alr was admitted to a 20-inch ram Jst mounted in the
altitude wind tunnel. The desired ram-presaure ratio acrose the engine
was obbained by throttling the inlet alr to the ram Jet from approxi-
mately sea~level pressure and adjusting the static pressure in the
tunnel, The performance of the engine was studled at altitudes up to
41,500 feet and ram-pressure ratios equivalsnt to Mach nmumbors as great
as 1,84, The selection of the ram-jet confilguration used in this study
was based on the results of previous investigations (references 1 and 2).

The results obtained in this investlgstion are swmarized and the
effect of a variation in combustion-chawber length on engine performance
at high altltudes and at ram-pressure ratlios squivelent to supersonic
flight speeds is discussed, The development of the parameters by means
of which the performence of rem Jets can be generalized to any desired
operating conditions, originally pressnted in reference 1, has been
awplifled to include additional variations sencountered in the greater
cperating range covered in this investigation. In the expression of
the values of ram-pregsure ratio at which the engine was operated in
terms of equivalent free-stream Mach number, the effect of shock losses
that would occur at supersonic flight veloclties are included.

APPARATUS AND PROCETURE

The 20-inch ram Jet used in the investigation was mounted in the
altitude-wind-tunnel test sectlon below a 7-foot chord wing, which was
supported at the tips .by the wind-tunnel balance frame (fig. 1). Dvy
refrigerated alr was supplied to the ram Jet through a pipe from the
wind-tunnel meke-up air duct., This air was avallable in the make-up
air duot at approximately sea-level pressuyre and was throttled to pro-
vide the desired total pressure at the diffuser inlet. The ram Job
exhausted directly into the wind tunnel, in which the pressure altitude
was varied to obtain different valuesg of ram-pressure ratic across the
unit. Restraint of the model by the ram pipe was obviated by a sealed
slip Joint inserted between the ram pipe and the diffuser inlet. The
tunnel balance system could then be used to measure the thrust.,

The diffuser had an 8° included angle, a l4~inch-dlameter inlet,
and a 20-inch-diameter exit. The engine was operated with replaceable
20-inch~diameter, 5~ and l2-foot combustion-chomber sections to which a
converging nozzle 2 feet long with a 16.8-~inch~diameter exlt was
attached. The shell was cooled by circulating water through copper
tubing wrapped around the combustion chamber and exhaust nozzle.

Two different fuel injector systeme (fig, 2) were used with no
apparent change in operation of the engine. One system consisted of
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four 1/4-inch steel tubes having a total of 68 No. 70 holes drilled
along the tube lengths. These holes were equally spaced along the

four tubes and extended to within 2 inches of the diffuser wall.

The other system conslgsted of seven steel tubes having the same number
and size of holes equally spaced along the tubes. The total of 11 tubes
were equally spaced and arranged in .an 80° V patterm; the open end of
the V was 5 inches downstream of the diffuser inlet. The fuel was
injected directly upstiream.

A flame holder (fig. 3), consisting of & grid of horizontal
and vertical 30° V's 1 inch across the open end and with Zé-inch

vertex spacing, was mounted at the combustion-chamber inlet with the
voertices of the V's facing upstream. A gas pilot to start combustion
was bullt into the flame holder and igunition for the pilot was pro-
vided by a modilfied aircrart spark plug. The cold stailc-pressure
drop across the flame holder was 2.9 times the dynamlc pressure at
the combustlon-chamber inlet. '

The sbeam heat-exchsnger fucl-preheating system described in
reference 2 was also used in this investigation. The fuel temperature
was maintained abt 220° +40° F by regulating the steam flow. An
unleaded 62-octane gasoline (AN-F-22) was used. Supplementary tests
were also made using a leaded 100-octans gasoline (AN-F-28).

During operation, local hot spots were observed on the combugtion-
chamber shell under the copper cooling coils. An experimental section
(fig. 4), which eliminated all tendencies toward local overheating,
was inserted as part of the cowbustion chamber. The section was cone
structed by seam-welding an outer shsll corrugated to form a helical
cooling-water path to a smooth, cylindrical inner shell.

Static pressureas, total pressures, and indicated temperatures
were measured with a survey rake mounted at the diffuser inlet.
Thege pressures and temperatures werc used to compute the alr flow
through the engine and the velocities at the diffuser inlet and exit.
Tho fuel flow was deberminsd with a rotameter. Fuel temporatures
and pressures were measured at the injector manifold.

Data were obtained at pressure altitudcs ranging from 7000 to
41,500 feet. The fuel-air ratio was varied from approximately 0.040
to 0.067. Under choking conditions at the exhaust nozzle (Jet Mach
number greater than 1), the meximum fuel-air ratio was limited to
0.051 because the peak delivery rato of the fuel pumn had been
reached and the minimum fuel-air ratio was limited to approximately
0.042 because the fuel-injector prossure dropped below the fuel vapor
prossure at this point. The inlet-air temperature was maintained at

10° #10° F.
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SYIMBOLS

The following symbola are used in this paper:
cross-sectional ares, square Ieet

2 F,
net-thrust coefficient, -

E
YoPohaty

-gpecific heat at constant pressure, Btu per pound per °OF
Jet thrust, pounds

net thrust, pounds

fuel-air ratio

accelerstion of gravity, feet per second per second
lower heating value of fuel, 19,000 Btu per pound
mechanicel eguivalent of heat, foot-pounds per Btu
Mach number

mase gas flow, sligs per second

total pressure, pounds per square foot absolute
static pressure; pounds per square foot absolute
gas constant, foot-pound per pound per °p

total temperature, °R

static temperature, OR

velocity, feet per second

alr flow, pounds ner second

fuel flow, pounds per second

ratio of specific heat at constant pressure to
ppeciflic heat at constant volume

=S |
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Subscripts:
0

1

N 5

ratio of absolute tunnel ambient pressure to abso-
lute static pressure at NACA standard atmospheric
conditions at sea level, po/leS

ratio of ebsolute total temperature at exhaust-
nozzle exit to sbsolute static temperature at
NACA standard stmospheric conditions at sea level,
T,./519

over-all efficiency, percent

combustion efficiency, percent

ratio of absolute tolal temperature at exhaust-
nozzle exit to absoclute total Ltemperature at dif-
fuser inlet, T,/Ty

ratio of absoclute total temperature at exhaust-~

nozzle exit to absolute total temperaturs at
combustion-chamber inlet, T4/T2

equivalent free~stream condition
station 1, subsonic diffuser inlet

station 2, diffuser exit and combustlon-chamber
inlet

gtation 3, combustion-chamber exit
statlon 4, exhaust-nozzle exit

exhaust-Jet condition at ambient pressure
(py = pg)

Performance narameters: .

FJ/ﬁ

jet thrust reduced to NACA standard atmospherlc
" conditions at sea level, pounds

net thrust reduced to NACA standard atmospheric
conditlions at sea level, nounds

combustion~chamber-iniet Mach number parameter
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(1 +/T7) over-all efficiency parameter, vercent
%— (1 +4/79) ideal over-all efficiency parameter, percent
b

- N )

EE ~/94 alr-flow parsmeter, pounds per second

Welly 3600

e fuel-consumpbion parameter, pounds per hour
VN

550 Wy 3600, . .

net-power agpecific fuel consumption, wvounds per netb

FnVo thrust horsepower -hour

550 Wy 3600

' net-power specific fuel consumption parameter, pounds
Fnyb(l + vﬁi) per net thrust horsepower-houxr

550 Wy 3600

1 ideel net-power specific fuel consumptlon parameter,
Fan(l + vﬂi) pounds per net thrust horsepower-hcur

RESULTS AND DISCUSSION

At all fuel-air ratios at which the engine was operated, flame
completely filled the combustion chamber., High-speed motlon-picture
studies indicated, however, that the burning, which appeared to be
gmooth but was accompanied by a gteady buzzing gound, was actually of
a high~frequency pulsating natuvre.

Below choking (Jot Mach number less than 1), the flame emitted from
the exhaust nozzle wag continuous except for occasional flashes curling
outward, Atove choking (Jet Mach nuwber greater than 1), the operation
of the engine ssemed independent of tunnel ambient pressure and shock
bands were clearly visible in the exposed flame. These shock bands
wore spaced approximately uniformly along the Jet from the nozzle exit.
Little flame color could be seen between the nozzle exit and the first
bright band (fig. 5). (For an exposition of the aerodynamic character-
igtics of supersonic gas Jets, see reference 7.)

L3
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In general, the data for this investigation have been reduced
and correlated by methods discussed in reference 1., In certain
instances, however, the performance parameters of reference 1 were
oversimpliried because of the narrow operating range covered and
proved Insdequate for correlating the data at the high Mach numbers
obtained in this investigation. A refinement and an extension of
the perfoimance narameters and methods of data reduction applicable
to performence at high Mach numbers and over a wide operating range
are presented in the appendix.

The equivalent free-stream Mach number My is taken as the
independent variable in presenting the data. This quantity is calcu-
lated from the equivalent free-stream total pressuie and the tunnel
amblent static pressure. For values of My 1less than 1, the diffuser-
inlet total pressure was teken as the equivalent fres-stream total
pressure. For values of Mg greater than 1, supersonic diffuser
losses were added to the measursed subsonic diffuser-inlet total pres-
sure to obtain the egquivalent free-strocam total pressurs. The
assumptions used in obtalning the equivalent froe-stream total pres-
sure and Mgy from the measured diffuser-inlet total pressure and the
tunnel ambient static pressure for Mp>1 are given in the appendix.

The relations of the performance parameters to Mgy for the
5-foot combustion-chamber engine are presented in figures 6 to 20.
An investigation using 100-octane gesoline (AN-F-28) showed no change
in the performance of the engine as compared with the performance when
62-octane gasoline (AN-F-22) was used. For this reason, no dats for
the performance study using l00-octane gasoline are presentsed. With
the exception of the cowbustion-efficlency data, the test points for
the 12-foot combustlon chamber fell along the curves established for
the 5-foot combustion chamber (figs. 6 to 19). Therefore, only the
Jet-thrust (figs. 6 and 7) and the combustion-efficiency data (fig. 21)
for the l2«~foot combugtlion chamber are presented.

The highest equivalent free-stream Mach number for operation
with the 5-foot combustion chamber was 1.84, Thls maximunm was set
not by an opsrational limit of the engine but by the pumping capacity
of the test apparatus. With the l2-foot combustion chamber, the
highest Mg at which the engine could be operated before blow-out
was 1.19.

The maximum Jet thrust developed by the engine with the 5-foot
combustlon chambsr, reduced to sea-lsvsl conditlons FJ/S (fig. 6)
was 14,690 pounds at Mo = 1.84. The actual Jet thrusts F3j meas-
ured end the altitudes at which these data woere obtalned are presented
in figurs 7. The pressure-altitude contours are based on the reduced
Jet-thrust curve of figure 6.
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As was to be expocted, both the Jot thrust and the ret thirust
increased sharply with My (fige. 6 to 8). The net-ihrust coeffi-
ciant also increased with in the rangs of this invsstigation
(fig, 9). At the highost equivalent free-stream Mach nuwbsr attained
(L.84), the net thrust reduced to sea-level conditione was 8135 pounds
(fig. 8). The corresvonding net-thrust ceefficient Cp was 0.74
(fig. 9). Both ths reduced net thrust and the net-thrust coefficient
increased with an increasse in the total-temperailure ratio across the
engine., - -

Equation (10) of the appendix indicates that the ideal over-all
eificiency paramcter %_.(1'+ J/T) 1is a function of only My and a
b
single curve was obtained when this paramctor was nlotted as a function

of My (fig. 10). Likewisé, a single curve was obtained by plotting
550 Wf 3600

ano(l + n/'Tl)
88 a function of M0 (fig, 11). The over-all officiency paramcter

the ideal net-power specific fuel consumstion paramctsr

i

n(1 +,/?1) and the net-powsr svecli'ic fuel consumption paramster
550 L %600

Fan(l + A/Ty)

functions of MO and combustion efficiency' 1,.. From these figurcs

the combustion orficicncy at which the date were obtained can be easily
determined. The combustion-ofilcioncy contours on figures 12 and 13
were determined from the curves of figures 10 and 11, respectlvoly.
Figures 12 and 13 can be used to calculate the actual values of ongine
over-all cfflclency and net-power specific fuel consumpticn., The values
of T,, which arv needed to dctermine the over-all efficiency and net-
power specific fucl consumption, can be obtained from figurs 9. TFor
convenionco, the actual values of over-all efficiency n and net-power
550 Wp 3600
gspecific fuel consumption —

arc plotted in flgures 12 and 13, respuctively, as

aro presvnted as a funotlon of

nVO '
M in figures 14 and 15, respectively. No curves for diffcrent valuoe
og N, have been drawn through the data becouse varlations in Ty
caused the data to scattor.

The over-all sificicney paramctors (figs. 10 and 12) end tho over-
all efficisency (fig. 14) incroased rapldly with Mach number, Concur-
rontly, a rapid dccrease in the net-powsr specific fucl consumption

paremetors (fige. 11 and 13) and the not-power spsoific fucl ccnsumption

(fig. 15) occurred. At My = 1.84, a total-tumporaturo ratio across

L]
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the engime T of 5.7, and a combustion efficiency Ty of 70.3 per-

cent, the over-all efficiency n was 12.6 percent (fig. 14). The
550 Wf 3600
corresponding net-power gpecific fuel consumptlon

anO

was 1.06 pounds per net thrust horsepower-hour (fig. 15).

The varistion of the ultimate exhaust-jet Mach number M, with

is shown in figure 16. Choking at the exhaust nozzle begins
approximately at Mgy = 1.16. Also presented In flgure 16 are theo-
retical curves of M, as a fumoticn of My and total-pressure ratio
acrogs the engine PJ/PO, assuming the ratio of specific heats at

the free-stream condition 70 and the exhaust-jet condition ')f'j

equal toe 1.4 and 1.3, respectively. These curves ars based on egue-
tion (13) of the anpendix. The correlation of these theoretical
curves and the experimental data Indicates the msgnlitude of the
total-pressure loss through the engine.

A discusslon and svaluation of the various types of pressure
loss in a ram Jjet are given in refererces 8 and 9. From the figures
of reference 8, the magnitude of the total-pressure losses across
the various phases of the rem-jet cycle can be estimsted. At a
typical engine-performance conditicn of MO = 1.70, T, = 6.0, and

My = 0.14, the theorstical total-pressure ratio is 0.93 across the
normal shock in a convergent-divergent supersonic diffuser with
ontimum contraction ratic (reference 8, fig. 2), 0.96 across the
flame holder with a cold nressure-dron coefficient of 2.9 (refer-
ence 8, fig., 5), and 0.91 across a constant-area combustion chamber
as a result of burning (reference 8, fig. 6). Inasmuch as the total-
pressure ratio across the engine was 0.75 at My = 1.70 (fig. 16),
there remains a total-pressure ratio of 0.92 attributable to lossges
resulting from shell friction, fuel-injector drag, and subsonic d4if-
fuser and exhaust-nozzle inefficlency. :

It is impossible to reduce the greatest of the total-pressure
losses, the loss caused by combustion in a constant -area tube, if
meximum thrust coefficients are desired because the ram Jet must be
operated at high values of Ty and Ms. With conbtlnued research
and develonment, it should be possible to decrease the total-pressurs
locsses caused by the flame holder and to decrease the fuel-injector
drag, the shell friction, and the diffuser and exhaust-nozzle ineffl-
cilencies. '

The data in figure 16 can be used to extrapolate the performance
of the engine to Mach numbers in excess of those at which the engine
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was operated because all of the engine losses, except the supersonic
diffuser losses, will remaln relatively constant for conditions at
which, MJ>'1 (Tl and Mo constant). The decrease in the theoretical

diverging diffuser of optimum contraction ratio with an increase in
My ocan be determined from figure 2 of reforenve 8., By application of

these calculated losses to the total-pressure ratlo across the engine
at M; = 1 (fig. 16), an extrapolated curve of MJ can be obtained

from an extension cf the pressure-ratio contours on that figure.

If the absolute total-temperature ratio Tp and M, are assumed

for gsome desired operating condition, then the Mach number at the
combustion-chawber entrance M, can be estimated from figure 17, In

this figure, the combustlon-chamber-~inlet Mach number parameter MZ./TE
wag practically independent of Mgy at Mach nimbers greater than 1,
although choking first ocourred at Mg = 1.1€.

W " -
The ailr-flow parametexr -%«/@4 and the fuel-consumption varameter
Wollp 3600

5 /0
tively. The air-flow and fuwel-consumption parameters were not afiected
by choking at the exhaust nozzle and continued to increase at M0=’l.16.

The fuel-consumption parsweter is presented as a function of T, in

are plotted as functions ¢f M, in figures 18 and 198, respec-

o T N

addition to My to include the effect of the term (1 - ﬂé{) of equa-
\.‘ 4

tion (28), reference 1.

Combusgtion-efficlency data are nresented as a funoction of fuel-air
ratio f£/a for the S-foot and 12-Foot combustion chambers in figures 20
and 21, respectively. A comparison ¢f these data indicates that length-
ening the combustion chamber from S to 12 fest improved the combustion
efficlency about 10 percent over the fuel-sir-ratio range at which the
engine was operated. As in reference 2, the heat losses through the
ram-Jet shell were not included in the calculation of combustion effi-
ciency. If these heat losses were included, the combustion-officiency
values would be apnroximately 3 percent higher for the engine having the
l2-foot combustion chember and 1 percent higher for the engine with the
S5-foot combustion chamber. The numbers opposite each point indicate the
values of combustlon-chamber-inlet static pressure 1., combustion-
chamber-inlet Mach nuwber Mo, and exhaust-nozzle-outlet static pressure
P (ambient static pressure?. These variables are the ones thought to
igfluence combugtion efficiency if the combvstion-chamber-inlet temper-
ature T 1s constant.
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Tt was difficult to separate quantitatively the effect of each
variable on combustion efficiency. As mentioned in refersnces 1
end 2, a decrease in the combustion-chamber static-pressure level
or an increase in My usuvally resulted in a dscreass in combustion
efficiency. With approximately static sea-level pressure maintained
at the combustion-chamber inlet, pressure altitude apparently had
no effect on np after choking conditions were attained at the
exhaust nozzle. No investigation was made of the effect of reduced
P, on combustien erficiency and blow-out.

The greatest combustion-chamber-inlet velocity Vo at which
the burner was operated with a 5-foct combustion chamber was 152 feet
per second. This velocity wae measured at a pressure altitude of

7,000 Tfeet when the engine was operating under chokling conditions
at the exhaust nozzle (M = 1.33) and at a total-temperature ratio
across the combustion chamber To = 5.0.. Blow-out did not occur at
this condition and it should not be considered as the limiting
combustion~chamber-inlet velocity for this burner. The maximum Vo
attained with a 12-foot combustion chamber was 140 feet per second
at a nressvre altitude of 23,000 feet. This value was obtained when
the englne was operating under choking conditions at the exhaust
nozzle (Mg = 1.19).

SUMMARY OF RESULTS

From an Investigation of the performance of a 20-inch ram jet
over a wide range of pressurs altitudes and equivalent free-stream
Mach numbers, the following results were observed:

l. A net thrust of 8135 pounds reduced to standard sea-level
conditions, a net-thrust coefficient of 0.74, and. an over-all effi-
ciency of 12.6 percent were attained at the maximum equivalent frea-
stream Mach number of 1.84 at which the engine with a 5-foot com-
bustion chamber was operated. The corresponding spec.fic fuel con-
sumption was 1.06 pounds per net thrust horsevower-hour. At this
condition the total-temperature ratio across the engine was 5.7 and
the combustion efficisncy was 70.3 percent.

2. The engine with a 5-fcot combustion chamber was operated at
combustlion-chamber-inlet velocities up to 152 feet per second. This
velocity was attained during choking at the exhaust nozzle and at a
ratio of absolute total temperature at the exhaust-nozzle exit to
that at the combustion-chamber inlet of 5.0.
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3. In the range investigated the principal total-pressure loss
was caused by combustion. At an equivalent free-stream Mech number
of 1.70, a combustion-chamber-inlet Mach number of 0.1l4, and at a
total-temperature ratio across the engine of 6.0, the total-pressure
ratio across the engine was 0.75. For these condltions the estimated
total-pressure ratlos across the various phases of the ram-jet cycle
that contribute to total-pressure losses were as follows:

Total-pressure ratio across the supersonic portion

Of GIffUBBY + v & 4 v o &+ & o 2 ¢ 4 ¢ o « s 4 s o« a0 o s 0,93
Total-pressure ratio across flame holder . . . « . +« » « « « 0.96
Total-pressure ratio across combustion chamber as

a result of combustion . .« . ¢« ¢ ¢« ¢ 4 v v v ¢ v e v ... 0,81

Total~-pressure ratio caused by losses across sub-
gonic portion of diffuser, exhaust nozzle, fuel
injector, and combustion chember as a result of
ghell friction . .+ ¢ v v 4 v i vt s e 4 s e s e e s e . . 0,92

4, At a constant gas total-temperature retlo acroses the engine
and a constant combustion efficlency, the performance curves of the
engline were not notliceably affected by changes in the combustion-chamber
length. Although increasing the combustion-chamber length from 5 to
12 feot improved the combustion efficiency, the operating renge of the
‘engine was reduced .
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5. No changs in the performence or operating range of the
engine was observed when the fuel was changed from preheated
unleaded 62-octane to preheated leaded 100-octance gasoline.

Flight Propulsion Ressarch Laborstory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APPENDIX - METHODS OF DATA REDUCTION

The date presented in thls paper have besen reduced and correlated
for the most part by the methods discussed in reference 1. Beccause
some of the data were odbtained at egnivalent free-stream Mach numbers

merkedly greater than those in reference 1, the methods of data
reduction have been modjified to include the effects of variables that
are negligible at the lower equlvalent {ree-~stream Mach numbers.

Equivalent Free~Stresm Mach Nuwmber

_ The equivalent free-stream Mach number M, was determined from
the relatlion _ T

[ 701 ] -
P 7 : ’ =
2 2 _(’ o\ 'O : =
Mn" = w2 - 11 1

For values of M, less than 1, the diffuser-inlet total pressure Pl
was taken as the free-stream total pressure Pj.

For values of greater than 1, the measurcd inlet total pres- ..
surce was adjustsed in the ratic of the total prossures acrcss an assuned )
gupersonic diffuser. This pressure ratlo was taken as the theorstical
nressure ratlio across a normal shock at the throat of a convergent-
divergent supersonic diffuser designed to allow shock entrance at the
pertinent Mach number. (See reference 10.) Because cven mors favorable
pressure ratios have been obtained on a differeont typo of supersonic
diffuser (references 11 to 13), this assumption seemod reasonable.

Exhauvat -Nozzle-Exit Temperature

As derived in reference 1, the exnanst-nozzle-exit temperature T,
was determined from the expression

) "2
r
PyAyFy 2 AR(D, - Do) L Fa Aylpy - Po)]

a 2 ) , 2
sng gBm8 Zchp,4m8

T, = (2)

When the ultimate exhaust-jet Mach number MJ ie less than 1, an error
in Ty of less than 2 percent results if Dy s agsumed equal to po. 4

B g



NACA BM No. E6LO6 S 15

Thie agsumption, however, leads to Increasingly erroneous values of
T4 for condltions of Mj greater than L. It ie necessary to deter-
mine p, more accurately at the conditions for which MJ is greater
than 1.

Because M, i8 approximately equal to 1 for all conditions of

M; greater than 1
J T4
P Y4+ 1\\74-1
4 (a7 - (3)
p4 AN 2
Further, the Jjet thrust FJ can be exrressed es
{- 74"1 -1
‘ ——
7
F 274 U/IQT\ * ll Al ) (4)
= Py i\ o= T Rt APy P
J 74‘1‘”‘\\4/ ] °

From a combination of equations (3) and (4), the following exnression
results; .

F P
_ 3 .. Do
Pa B v D Ty + 1)

(5)

Equation (5) was used to determine p, fcr all data presented for
conditions where M.J was greater thasn 1.

Over-All Efficiency Parameter

The over-all efficiency parameter was modified to include the
effect of variations in the total-temnerature ratio across the engine
T (72 assumed equal to Tl) on the over-all efficiency. This

effect became noticeable at high values of My. The over-all erfi-
ciency of the engine is

= Oll'bj)ut . anO (6)

input - thJ




16 CQUEIDENTIAL i NACA BM No, EBLOS

It is assumed thet the ratio of specific heats 7y does not chenge
through the ram Jet, that no energy loss ocours in the diffusicn and
offusion vrocesses, and that the gas flow is egsentially the air flow.
Then the net thrust F,, free-stream velocity Vg, and fuel consump-

tion Wy can bhe stated a8 follows:

¥,
W , . _ _
Fn = féa"'vD (’V T]_ - 1) (7)
Mo/ 7 8RTy
Vg = - (8)
! y ]
; -
"L+ ° M a
o 2 0
w.o o (Tg = Tq)
Wp = B2 . (9)

Ly,

Substitution of equations (7), (8), and (9) into equation (6) gives,
a8 an apnroximation, the over-all efilciency in terms of MO, My,
and Tl. Thus

no=-

Vo = L : o
0 2 \1 + /T3
%

7o - D My' > (10)
1+ ) :

Equation (10) shows that the quentity of {1l + ‘/Tl) ig primarily a
function of M0 and Ty, . The quantity n(l +~/Ti) was therefore

plotted as a function off My and Ty.

Similarly, by substitution of equation (10) into equatlon (6),
550 Wf 3600

the net-power specific fuel consumption parameter is

F (L + V1)

primarily also a function of MO and M - This quantity was thereiore
plotted as a function of MO and Ty, *
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Ultimate Exhaust-Jet Mach Numbser

Tor conditions at which the ultimate exhaust-jet Mach number
MJ was less than 1, its value was calculated by the method described
inh reference 1. For values greater than 1, Mj wag calculated in
the following manner:

Because tihere 1s relatively small loss in total pressure between
gtations 4 and J, Jet Mach number M‘j can be expressed as

r 7J"1 {
l’ -—-7—,—-—
. N
73 —_lt\.‘po/

Inabmuch as M, is approximately squal to 1.0 for all conditions of
M, greater than 1, P, from eguation (3) can be substituted into
equation (11). Thus, assuming 74 equal to 74

sz = 1 (11)

(" 7J-l I
Y

Y, + 1,p J

M2 - —& [3 (28 1 (12)

- !
J Yy -1 2 Fo

The exhaust-nozzle-exit static pressure p, is given by equation (5).

Total-Pressure Ratio Across Engine

The theoretical curves of M, as a function of Mg and the
total~pressure ratlo across the eligine PJ/P vresented in fig-
ure 16 were calculated by meansa of the following expression:

7
f -1 Jlre-l
. l1s Zi—i5132= !
%JL: S 2 J — (13)
o T 10

Yo -1 2701
; 0 1 0
fr—z

'
{
-

Equation (13) is based on the assumption that pJ is equal to Py
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Figure l.~instaliation of 20-iach ram jet with I2-foot combustion chamber and
I6.8-inch~diameter exhaust nozzle in altitude wind tunnel. _




Figure 2. - Installation of four- and seven=-tube fuel
di ffuser.
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Figure 3, -

Flame holder used

in wind-tunnel

of 20-inch ram jet.
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Figure 4. - Modified combustion-chamber section used in wind-
tunnel investigation of 20-inch ram jet.
NACA
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Figure 5. - Exhaust jet issuing at supersonic speeds from
20-~inch ram jet during wind-tunnel

exhaust nozzle of
investigation.
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Figure 7.— Effect of equivalent fres—atream Mach number M, combustion-chazmber length, and pressure
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Reduced net thrust, Fo/6, 1b

. .
Bguivalent fros—stream Wach number, Mp

9000
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
5'7
8000 Tops.
/1
.8
8
00
6!0
_ 1 peo
Da
60004
5000%
40004
2000
1000
.8
.3
5
[ L :D\ﬁ
7 1 ]
0 i W
L« . ] . 1.0 T.B h by ) 1.6 I.0 2,0

Flgure 8.~ Effect of equivalent fres-stream NMach mumbar My and total~temperature ratio T3 on redoced

net thrast P,/8,

noxsle}

net thpust veduced to NACA standard atmospharic conditlons at sem level,

£0~inch ram jet with 5-foot combustion chamber and 16,8-insh—dlameter exbaust

YOVN

"ON WNY

907 53




i- 1Y 14N3Q uucaa..‘

Net-=thrust acefflaient, Or

NATIONAL ADVISORY
o COMMITTEE FOR AERONAUTICS
[}
5.8
5.9 3:& <7
7 Tot;ﬁ 8. s\ 5.8
. tuga ure .
6 ’. 5-
| S, } Na
5“‘\ / -°
. ] - e == l
(o4 \ D4
5.8 .
IGJ\JESJ- .
.5 28
le. s g
/ - '0.7
6.3 P
. a° g/ft}‘éé
/d:,’ﬁ &
3
= L
s3
.
.2
i
[« .2 4 B ) 1.0 1.2 1.4 1.6 1.8 2.0

Plgure 9.~ Effcot of equivalent free-stream Mach number

Equivalent frece—stream Mach number, My

and total-temperature ratlo <ty on net-thrust

coefficient Cp. 20-Inch ram Jet with 5-foot combustion chamber and 16,8-inch-dlameter exhaust nozzie,

.Blﬂ

6

N3a 1 INTHY

o 1LUNT
apalar

‘ON NY Y2VYN

90793




Idenl cvar-all efficilency parameter, E: (1+JEI), perzent

NATIONAL ADVISORY *
COMM|TTEE FOR AERONAUTICS

o
o

o &

/

L

0 |l

—.ﬁ o4 .6 . 1. T 1.4 1% .
Equivalent fres—stream Mach mosher, N,

Pligure 10,~ Effect of squivalent free—stream Maoch mmber My on {deal over~all efficlency paramater

% (1+ﬁ). 20-inch ram jet with S5—foot combustion chamber and 16,8-Inch-diameter sxhaust norzle,

2.0

*ON NY VOVWN

80193

-84

ol




v vac 1 an®

NAT |ONAL ADY | SORY
COMMITTEE FOR AERONAUTICS

™

850 W, 3600

-'-mvo 1

-
b

2y

b h a \

::.I:

* \

¥

c:”3

e .

g% \

2 \

° 2

& \
E LY )y
£

e

F

2

0 .2 o4 o) +8 1.0 .2 T4 I8 1.8 2.0
Equivalent free-stream Mach nuaber, N,

Pigurs 11.,- Bffect of aquivalent fres—siream Mach numbsr M, on 1dsal nete-nower spacifis fuel contumtion

580 Wy 3600
parameter _.....E.._-—-nqb. 20-inch ram jet with 5-foot combustlion chember and 16.8-inch-diasster
Fp¥o({l1+im1)

exhaust nogsle,

29

*6y4

i1

- TY11N3Q ldh]p

*oN WY YOVN

901953



con T o s I I
100

///mJ

£ NA

. /7 7

@ © / - 4 ,?

:, /// // 2 59

G /. )

5 a2 /// R"}" -

=

g' 24 1/ Fat ¥ o) ,//

V.5

5 3@/"

'g __//’ A

: 7"

7 . w77

00 . r*r.l | . -8 1.0 1,2 ot 1.8 1.8 2,0

Equivalent free-stream Nach rmmber, M,

Figure 12,~ Effect of equivalent froe-stream Mach numbar N, and combustion efflciency w, on ower-all
efficlency parameter nfl +{T3).
dlmmeter exhanat noz:le,

20~ineh ram Jet with S5~foot combuation chamber mnd 16,8-inch-

‘ON WY VOVN

90714914

'B!d

Z




._ v FLN3Q 14 Nci:

1b/net thrust hp—hbr

530 ¥y 3600

Mok=powsr spacific fwel censmption paramster,

]
nvo 1+

T

’ WAT 1ONAL ADV ISGRY
COMMITTEE FOR AERONAUT ICS

8t

] \

o
gt

T

\

-
N
RN
8833

L - —
1 \ hy \
e
O 3
o «2 4 N 1.0 1= 1.4 1.6 1.8 2,0

8
Equivalent frea

~stream Mach nowber, Ny

Tlgure 13,~ M[Tect of cquivalsnt frac-stremn Mach mmber N, and combusticn effieleney v, on oet-

powsr spocific fwe]l consomption paramstsr

n'Q

chember and 16.8-Inch-dlmwster eahaust nozzle,

550 Wp 3800

= 20-1nch ram jet witk 5~foot combustion

*Btd

€l

1FFjVJ;$3QL44?D

“ON Wd YIVN

90793




peraent

s

Over-all efficiency,

(WIS

NATIQONAL ADY!SORY

COMMITTEE FOR AERONAUTICS

AR
Y
12 s
[~

10

s &

o ©
6 a
(o]
fa¥e )
N N
o°
a _ O
o]
2 _(
O
O

_ oo

o]

)} -2 4 .6 +8 1,0 1.2 1.4 1.6 1.8 2.0

Equivalent frees-stream Mach number, Ho
Figure 14.- Rffecl of equivalent free-stream Mach number 4y on over—all efficiency n. 20-ineh ram

Jet with B-foot combustion chamber and 18.8-inch-diameter exhaust nozzle.

*ON HY VIOV¥N

90193

N E

vi




1XJ4N3a 12 ol

: Y i ol NATIONAL ADVISORY
52.0‘)2,;9 12:0 COMMITTEE FOR AERONAUTICS

8

i

Ei)

-

"

a

B v

v o

k]

0

Cald

. ¢l s

o

:Lf o

=&

gr .} o

n

a

[+

-l

‘g. 4

§ Py

n

-

& 9 (:s ’

3 %o

3 @

3 BT, g b

K .

LI D ®lm
o‘ -2 o3 .5 1.2 1.2 1.1 1.5 1.5 .0

L 8 1.0 1.2
Mnita'l;nt free—strean lach-nmbcr, Hg

Tigurs 15.— Effect of squivalent rree—stream Mach number N on net-power aspecifis fuel eonsumption
55O Wp 3600

anu

20+inch ram lat with 6=foot combustion ohamber and 18.8-Ingh-dlameter exhaust noazle,

*B1g

g1

1¥11N3C |.,-u_qt3

“ON MY VOVN

90793




Tithmte exhaust—jet Mash mm‘SH. I’

1.8 rd v
NATIONAL ADVISORY Y Yy
COMMITTEE FOR AERONAUT I CS AP Rl Pl
rd )
/7 L ' 7 71
¢ /] /z
1.6 z .
- ’ 1y A
s ”,
el
1"‘, .’ ’ I’
7 s
” " P ,’/ "I
a A "
1.4 raxay g “.-‘
L4 ’
..’ f‘ l’ i
P ’ .y
f’ J' } ’_" l‘
1.8 M p)
I' ’ ,', ‘J’
tal '
tio ) ’/' I 2
1o . z .
L] P 7 FJ 4
ﬂ-\ L" ’r’ ’ ”
2 y, A
L4 Lan
il 7
::Q-\\f |+ S /’
a . Y
"] ¥ -
\\ l’ ‘,’ I 4 ¥,
4 (4 "’ I 4
5 7 *
rap iV
’ VAN N4 / -
L ’s] [ 4 [ 4 ’
4V i /
4 P, 4 ’
4 r 2
’I' ’ " ! Y
rd ) / I'd A
V1 = ’J r] F )
g 4 [ ,’ :'
5 4 / !
- . .y T
L
'IM 7 " "' F
Vi ? H
8 ’ . 4 []
! [ [} !
s [ | i K
L]
' R
0 ’ | | 1 :
o o o .5 1.0 1,8 1.4 1.8 1.8 2.0

lquhulnt free~strean Nash mwher, N,

Pigurs 16,~ Effect of equivalent frea~strsem Nash number Ny and total-pressure ratio agrass ram jet P /ro

ob ultimate exhaust—jet Mach number l,. Total~pressure ratio ocurves omlculated for ratlo of spesifio
heats at exhaust-let condition Y, ™ 1,3 and at free-stream condition Yo = 1.4, R0-inch ram jJot with
S-faot oombustion chamber mnd 18, h—diameter sxbaust nosgle,

-oN WY VOVN

90193

- RF}

gl




gvicnzaiandd

Combustion-chambar~inlat Nagh numbsr parameter,

Mot

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

.20

g

«12

a .2

.4

.6

-8 1.0 1.2 o4 1.6
Equivalent free-strean Mach number, M,

1.8 2,0

Figure 17.~ Effect of equivalent free—stream Mach mmber Eo on combustion—chamber~inlet ¥ach number
20-inch ram Jet with 5-foot combusation chamber and 16,8-inch—diameter exhaust

parameter MyyT,.
nozzle,

B4

Ll

=
-
(9]
>
X
x
=
[+)

907193



bu4

4 [ 3 .
320
NATJONAL ADVISORY
COMMITTEE FOR AERONAUTICS
280 /#
§
A
e .Pf
o
[
~
]
Lé: 160
o
-
b
a
cg: 120
p &
[
3
¢ ®
: |
e
-
40 ,’c
7]
0 2 4 8 8 1.0 1,2 1.4 1.6 1.8 8.0
Prnivolent Pfras_asatwaom Manh nitmhan u_
Egulvalent free-stresz Hach number, My
Figure 18,-Effeot of equivalent free-stream Mach number My on air-flow parameter 33‘3:: 20-ing¢h

ram jet with G-foot combustion chamber end 16,8-inch-diameter exheust nozslae,

WIOVN

TON WY

807193

-ﬁ!d

81|




.ﬁfW1LN3CHdN"y

4

v 3800
Puel-consumption parameter, .. bl , 1b/hr

8000 NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS 5.8y ,
6.0 .
el
7000 %.5] 4
~5.8
6.0
6.
6ao0 5.y 4
o.o0u
.1 i
5000
4000
3000
6.2
2000
‘-3...43/—6.6
AN
58
| 5.6 5.7
1020 - |
5.8
0
2 - .8 .B 1,0 1.2 1.4 1.6 1.8 2.0

Equivalent free-streem Mach number, No
Figuore 19,~ Effect of equivelent frem-stream Mach purber ¥y and total-temperaturs ratlo 4o on fuel-
'r "h 3600

clonSunption parameter -
Oy g

20-1n¢h ram jJet with 5-foot combustion chamber and 16.8-ineh—

diape tar exhaust noxrle,

IR -,

v.1L1N3 L.:{Nio

~.

e

*ON WY VOVN

H0793




*ON WY VOVN

90193

Bl e et R s i e s (A s NATIONAL ADV1SORY
1400\ 1090\ Exhiust—fozzld-exly stafle pjessule po COMMITTEE FOR AERONAUTICS
fggg \ 1504 1082
[ a0l s\l J 1358
1728 1058 1034
.1037\ 1323) }.1304
% — 1400 \ \ 2020 1332 e
NN b
1220
i:g: \\\\\ \“ ”} 325 [ 1996 1497
L1007 L.\ N 1285 A | —n1245 0531
60 1410 19%\\“ NAN AW JIf4 e00 ] iﬁ:g o 1400
el J/18
H 1992 0 7 e s —
i . — T
. jggg/_____.—ﬂ — N AN \\:\s\\igﬁ
i 1908 T H\\\\N\\\\\\\\ N
n 1402 // [ \ 1285
g 60 10l 4 a4 \\\R AN \ 576 - \
: G ZIRNRNNNNN
“ h. b
k) 1 [ | NN {1 O
: S AIMNNNNONN -
g = el A7 7T EIN T NN N TS
0
,é 710 / / / / 9‘95 1050\\\ \\\\\ N s
© 3283/// JREEE \\\iggg NINCRON \_.1503
40 1:33 £ 19901 = 4 ;gg Mo Eig
1392 / .1:535/ \\}325 \ \1\\ \.1298
780 855 375 \ 430
1902 \ 1938 1087/ 1957 1935
2388 L1310 13231303 1304
%0 76 3687 475 550

03 -04 s08 s08 -7

Fuel-air ratio, r/a

Flgure 20,— Effect of fusl-alr ratlo f/a, combustlion—chamber—~inlst absolute statlc pressure Py and dach
o and asmbhustlancshamhowcawl b shoaatubea cbaddn wanccincn fhcmaaT arb b s —om o ocaean b —_ ~——

» VRS WM Y e R wEMR N Wh AW BRUSVILULD DA L1y P; TENULS | LWIIIIDL pmuLlcny PI‘EHB“I'B) Po v
combustlon efficlency w,. 20%Inch ram Jet with 5-rfoot combustion chamber and 16.8-inch diameter exhauat
nozzle,

wue s we
TS e £

*Hird

cc




mn
e
.

NAT |ONAL ADY ISORY
COMMITTEE FOR AERONAUT ICS

1822 1722 e
s £ 1264
100 16021\ /11002
1019 r1977
L 09, L1269
160 / 940
» 1787 19¢92(1968] \ \ / ﬁsi
1125 1082|1183 \ 130
1 g o 1400 3603 14001\ \V 1 N
! < 1903 o] 1928] N\ / I/ %232 &g{a&g
0 L 0999 L1182 \ 4 L
¥ . 16 x e \)\13/.' A scal 11400
) ez % / o/ a*-/ G//
- 1600 <] / Pay TI5E
1 1756 1819
g .1106/ P1239// / Q) L1166
@ 1400 1000 h N 1000
o 1003/ . 1893
o L 1333 | 0900
b 708 2002 / \ 3\ 1602
1979 Y1714  \ 2001
§ 3 | 1323 l0ss0] 11025
by \ 869 i6C8 1600
5 \
o
o \ 1720] ConH stion—cmber-lnlat atatflic press po =z
,0719| Comblistioh~chafiber—inlet! ¥acH mmber Mg 2
1600| Exhapst-npzzlel-exit] statfic pressurg po >
g
50 -~ - V-1 -
.02 .03 .04 «05 +Uo o
Fuel=air ratlo, f/a .
Pigure 21_- Effect of fuel-alr ratlo f/a_, combustion—chamber—-inlet absolute static m
pressure p, and Mach number M5, and combustion-chamber—-axit absolute statlc IS‘
pressure (tunnel amblent pressure) pp on combustion efficlency mMp. 20-inch ram o
jet with 12-foot combustion chamber and 1§,8-Inch dlameter exhaust nezzle, e
~ - » - » Y




